Prostate cancer (PC) is the second most diagnosed cancer and the sixth leading cause of death in males worldwide ([@bib15]). In US males however, prostate cancer is the most frequently diagnosed and the second leading cause of death ([@bib37]). Racial and ethnic disparities exist in prostate cancer incidence and mortality rates globally ([@bib15]) and generally, the incidence rate of prostate cancer is low in Asia compared with Western countries ([@bib28]; [@bib9]; [@bib17]; [@bib25]). As the etiology of PC is largely unknown, lower incidence and mortality rates of prostate cancer have been thought to be due to high consumption of soybeans and its products in Asian countries ([@bib36]; [@bib2]; [@bib16]; [@bib28]). In addition, environmental factors may also have an important role in the etiology of prostate cancer ([@bib35]). Of the nutritional compounds, genistein is a common dietary isoflavone found in a numerous plants including lupin, fava beans, soybeans and coffee ([@bib18]). Genistein has several crucial health benefits such as decreasing blood cholesterol, lowering the risk of cardiovascular diseases and attenuation of postmenopausal problems ([@bib4]). Previous reports have shown its chemo-preventive properties and anti-cancer effects including anti-invasion, anti-proliferation, pro-apoptotic and modulation of the cell cycle (inhibition of tyrosine kinase, NF-kB, Akt signalling pathways) in prostate cancer cell lines ([@bib44]; [@bib30]; [@bib1]). In *in vivo* studies, genistein inhibited cell growth and metastasis in a prostate cancer mouse model ([@bib27]; [@bib42]). Based on recent literature, interventional randomized clinical trials have been conducted to examine the effect of genistein on serum and tissue biomarkers in patients with localised prostate cancer where genistein reduced PSA levels ([@bib21]). With regards to its gene regulatory mechanisms, genistein has been reported to upregulate mRNA expression in some tumour suppressor genes including *GSTP1* and *EPH2* through DNA demethylation of these genes ([@bib41]). Genistein also produced substantial changes in histone H3K9 acetylation in the promoter region of Wnt antagonist genes ([@bib32]).

MicroRNAs have emerged as new gene regulators as miRNAs bind to the 3′UTR of target mRNA and repress translation of mRNA to protein or induce mRNA cleavage ([@bib14]). Genistein has been reported to alter expression of some miRNAs in prostate cancer cells ([@bib33]; [@bib3]).

In the present study, we initially looked at the effect of genistein (cell proliferation, invasion, migration, apoptosis, cell cycle, TCF reporter activity) on prostate cancer cell lines. Next we selected microRNA-1260b as a potential candidate oncogenic miRNA whose expression was downregulated by genistein based on microRNA microarray data. We hypothesise that miRNA-1260b may function as an oncogene and is regulated by genistein. We also hypothesise that the target genes of miR-1260b may be regulated by genistein. To test these hypotheses, we performed real-time PCR to determine miR-1260b expression in prostate cancer and benign prostate hyperplasia (BPH) tissues. We also used normal prostate and prostate cancer cell lines (RWPE-1, PC-3, DU-145) and performed *in vitro* functional analysis. As microRNA exerts its function through regulation of target genes, we identified two target genes based on computer algorithms and performed 3′UTR luciferase assay and Western analyses to examine the direct effect between miR-1260b and its target genes. As expression of the two target genes was increased by genistein, we also investigated the effect of genistein on DNA demethylation and histone modifications of the two target genes in prostate cancer cell lines.

Materials and methods
=====================

Ethics statement
----------------

Formalin-fixed, paraffin-embedded (FFPE) prostate cancer samples were obtained from the San Francisco Veterans Affairs Medical Center. Written informed consent was obtained from all patients and the study was approved by the UCSF Committee on Human Research (Approval number: H9058-35751-01).

Clinical samples
----------------

A total of 30 patients with pathologically confirmed prostate cancer (*n*=19) and benign prostate hyperplasia (*n*=11) were enrolled in this study (San Francisco Veterans Affairs Medical Center). Detailed patient information is shown in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

Genistein and transfection
--------------------------

Genistein was purchased from (Sigma-Aldrich, St Louis, MO, USA) and used at a concentration of 25 *μ*[M]{.smallcaps} based on our laboratory\'s previous report ([@bib12]). Prostate cancer cells were treated with DMSO or genistein (25 *μ*[M]{.smallcaps}) for 4 days and used in experiments. Cell culture media was replaced every day.

5-Aza-2′-deoxycytidine treatment
--------------------------------

Prostate cancer cell lines were treated with the demethylating agent 5-Aza-2′-deoxycytidine (5Aza; 5 *μ*[M]{.smallcaps}) alone for 4 days or treated with DMSO 4 days.

Cell culture
------------

Normal prostate epithelial cells (RWPE-1; ATCC number-CRL-11609) and prostate cancer cell lines (PC-3; ATCC number-CRL-1435, DU-145; ATCC number-HTB-81) were purchased from the American Type Culture Collection (Manassas, VA, USA). The prostate cancer cell lines were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum (FBS). RWPE-1 cells were cultured in keratinocyte-SFM (GIBCO/Invitrogen, Carlsbad, CA, USA). When purchased, permanent stocks of cells were prepared and all cells were stored at −80 degrees until use. Cells were used for experiments within 6 months.

Total RNA, DNA and protein extraction
-------------------------------------

RNA (microRNA and total RNA) was extracted from FFPE human prostate cancer (*n*=19) and BPH tissues (*n*=11) using a miRNeasy FFPE kit (QIAGEN, Valencia, CA, USA) after laser capture microdissection based on a pathologist reviews. RNA (microRNA and total RNA) was also extracted from human cell lines using a miRNeasy mini kit (QIAGEN). DNA was digested with a QIAGEN RNase-Free DNase kit. Genomic DNA was extracted from cell lines using a QIAamp DNA mini kit (QIAGEN). Cells were lysed with RIPA buffer (Pierce, Brebieres, France) containing protease inhibitors (Sigma-Aldrich). Protein quantification was done using a BCA protein assay kit (Pierce).

MicroRNA Microarray
-------------------

In order to select potential candidate onco-microRNA whose expression was downregulated by genistein, we used commercial microRNA microarray service shown in previously from our labs ([@bib3]).

Bisulphite DNA sequencing
-------------------------

Genomic DNA was modified with sodium bisulphite using a CpGenome Fast DNA modification kit (CHEMICON International, Temecula, CA, USA). The genomic region and primers used for bisulphite genomic DNA sequencing were shown in Supplementary [Figure S1](#sup1){ref-type="supplementary-material"} and Supporting Information [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. Each PCR reaction was carried out in a total volume of 10 *μ*l consisting of 0.3 *μ*l of each primer (10 mmol l^−1^, sense and anti-sense, respectively), 1.0 *μ*l of 10 × ExTaq buffer, 0.8 *μ*l of dNTP mixture (2.5 m[M]{.smallcaps} each), 0.6 *μ*l of DMSO, 0.1 *μ*l of TaKaRa ExTaq (5 units per *μ*l) (Clontech Laboratories, Mountain View, CA, USA), 1 *μ*l of bisulphite genomic DNA (30 ng *μ*l^−1^) and 5.9 *μ*l of sterile deionized H2O using a DNA Engine Peltier Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA). PCR conditions were as follows: 5 min at 95 °C; 30--35 cycles of 30 s at 94 °C, 30 s at 56--62 °C, 30 s at 72 °C; and then 5 min at 72 °C. Subsequently, the 3 *μ*l of PCR products were analysed in a 1.5% agarose gel containing ethidium bromide. Then the amplification products were sequenced directly by an outside vendor (TACGen, Richmond, CA, USA).

ChIP assay
----------

ChIP assays were performed on cell line DNA using an Imprint Chromatin Immunoprecipitation Kit (Sigma-Aldrich). Antibody for dimethyl-Histone H3 (Lys9) (H3K9-me2) (catalogue\# ab1220, Abcam, Cambridge, MA, USA), trimethyl-histone H3 (Lys9) (H3K9-me3) (catalogue\#07-442, EMD Millipore, Billerica, MA, USA), trimethyl-histone H3 (Lys27) (H3K27-me3) (catalogue\#07-449, EMD Millipore) was obtained from vendors. The immunoprecipitated DNA was analysed using quantitative real-time PCR with SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). Quantitative PCR was performed in triplicate with an Applied Biosystems Prism 7500 Fast Sequence Detection System (Applied Biosystems) using the following conditions: 10 min, 95 °C; followed by 40 cycles of 30 s; 95 °C, 60 s; 60 °C. Δ--Δ cycle threshold (*C*~t~) method was used to calculate real-time PCR results. The fold changes related to input Δ*C*~t~ were calculated as 2^−(Δ--Δ*C*)^~t~. The primer pairs used for ChIP assays are shown in Supporting Information [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

MicroRNA and microRNA inhibitor transfection
--------------------------------------------

Anti-miR miRNA inhibitor (negative control (miR-NC inhibitor) or miR-1260b inhibitor (miR-1260b inhibitor), Ambion, Foster City, CA, USA) were transiently transfected into cancer cells with siPORT NeoFX transfection agent (Ambion) according to the manufacturer\'s instructions. Pre-miR miRNA precursors (negative control (miR-NC) or hsa-miR-1260b (miR-1260b), Ambion) were transfected into cells with Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s instructions.

TCF/LEF reporter assay (TOPflash luciferase assay)
--------------------------------------------------

TOPflash luciferase assays were performed to assess the effect of genistein on the Wnt signalling pathway. After DMSO (4 days) or genistein (25 *μ*[M]{.smallcaps}-4 days) treatment, cells were trypsinized and re-suspended in 48 well plates overnight. Cells were then transiently co-transfected with TOPflash (Upstate, Lake Placid, NY, USA) and pRL-TK Vector (Promega, Madison, WI, USA) encoding renilla luciferase as an internal control for transfection efficiency using lipofectamine LTX (Invitrogen). To look at the effect of miR-1260b on the beta-catenin dependent pathway, we knocked down miR-1260b with miR-1260b inhibitor (48 h transfection). Cells were trypsinized and re-suspended in 48 well plates overnight and then were transiently co-transfected with TOPflash (Upstate) and pRL-TK Vector (Promega).

Cell viability, cell invasion and wound healing assay
-----------------------------------------------------

Cell viability was measured 3 days after transfection (miR-NC inhibitor/miR-1260b inhibitor transfectant) with MTS (CellTiter 96 Aqueous One Solution Cell Proliferation Assay, Promega). Cell invasion assays were performed with the CytoSelect 24-well cell invasion assay kit (Cell BioLab, San Diego, CA, USA) according to the manufacturer\'s instructions. Transfected cells (miR-NC inhibitor/miR-1260b inhibitor transfectant 48 hours) were re-suspended in culture medium without FBS and placed in the upper chamber in triplicate. After 48 h incubation at 37 °C (5% CO~2~), cells migrating through the membrane were stained. The results were expressed as invaded cells quantified at OD 560 nm. Wound healing assay was performed with the CytoSelect 24-well wound healing assay kit according to the manufacturer\'s instructions. Wound closure was monitored and the percent closure was measured. (Percent closure rate (%)=migrated cell surface area/total surface area × 100)). Data are the mean±s.d. of three independent experiments.

Apoptosis and cell cycle analysis
---------------------------------

The apoptotic distribution of the cells in each sample was determined using a FACS (Cell Lab QUANTA SC; Beckman Coulter, Fullerton, CA, USA). The various phases of cells were determined using a DNA stain (4′, 6-diamidino-2-phenylindole). Cell populations (G0/G1, S and G2/M) were differentiated according to 4′, 6-diamidino-2-phenylindole intensity and side scatter-measured cell volume and quantified with Cell Lab QUANTA software. Data are the mean±s.d. of three independent experiments.

Quantitative real-time RT--PCR
------------------------------

Quantitative real-time RT--PCR was performed in triplicate with an Applied Biosystems Prism 7500 Fast Sequence Detection System using TaqMan universal PCR master mix according to the manufacture\'s protocol (Applied Biosystems). The TaqMan probes and primers were purchased from Applied Biosystems. RNU48 and GAPDH were used as endogenous control. Levels of RNA expression were determined using the 7500 Fast System SDS software version 1.3.1 (Applied Biosystems). The mRNA and miRNA expression levels were determined using the 2^--Δ*C*^~t~ or 2^--ΔΔ*C*^~t~ method.

Western analysis
----------------

Total cell protein (15--20 *μ*g) was used for western blotting. Samples were resolved in 4--20% Precise Protein Gels (Pierce) and transferred to PVDF membranes (Amersham Biosciences, Fairfield, CT, USA). The membranes were immersed in 0.3% skim milk in TBS containing 0.1% Tween 20 for 1 h and probed with primary polyclonal and monoclonal antibody against sFRP1 (\#3534, Cell Signaling Technology, Beverly, MA, USA), Smad4 (\#9515, Cell Signaling Technology), and beta-tubulin (\#2128, Cell Signaling Technology) overnight at 4 °C. Blots were washed in TBS containing 0.1% Tween 20 and labelled with horseradish peroxidase-conjugated secondary anti-mouse or anti-rabbit antibody (Cell Signaling Technology). Proteins were enhanced by chemiluminescence (Amersham ECL plus western blotting detection system) for visualisation. The protein levels were expressed relative to beta-tubulin levels.

Plasmid construction and 3′UTR Luciferase assay
-----------------------------------------------

We constructed individual plasmids for each binding site in the 3′UTR of mRNA from potential target genes based on microRNA.org information ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Then we confirmed miR-1260b binding to the 3′UTR of target gene mRNA by luciferase assay with miR-1260b precursor. PmirGLO Dual-Luciferase miRNA Target Expression Vector was used to perform 3′UTR luciferase assay (Promega). The primer sequences used for plasmid inserts are shown in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. For miR-1260b precursor transfection, prostate cancer cells were co-transfected with miR-NC and pmirGLO or miR-1260b and pmirGLO Dual-Luciferase miRNA Target Expression Vectors using Lipofectamine 2000 (Invitrogen). Luciferase activity was assessed using the Dual-Luciferase Reporter Assay System (Promega) (48 h after transfection).

Statistical analysis
--------------------

All statistical analyses were performed using StatView (version 5; SAS Institute, Cary, NC, USA). Error bars in all the figures represent s.d. Statistical significance was determined using the Student\'s *t*-test or analysis of variance for functional analysis. A *P*-value of⩽0.05 was regarded as statistically significant.

Results
=======

Effect of genistein on prostate cancer cells
--------------------------------------------

Cancer cell proliferation ([Figure 1A](#fig1){ref-type="fig"}), invasion ([Figure 1B](#fig1){ref-type="fig"}) and migration ([Figure 1C](#fig1){ref-type="fig"}) were significantly decreased after 4 days of genistein treatment (25 *μ*[M]{.smallcaps}) in prostate cancer cell lines (PC-3, DU-145). The percent of apoptotic cells was significantly higher in genistein-treated prostate cancer cells ([Figure 1D](#fig1){ref-type="fig"}). While cells in the Go/G1 phase were significantly decreased, in contrast, cells in the G2M phase were significantly increased by genistein treatment ([Figure 1E](#fig1){ref-type="fig"}). TCF reporter activity was significantly decreased with genistein in the two prostate cancer cell lines ([Figure 1F](#fig1){ref-type="fig"}).

miRNA-1260b expression is significantly increased in prostate cancer cell lines and significantly decreased by genistein
------------------------------------------------------------------------------------------------------------------------

Based on microarray data ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}), we have selected miRNA-1260b as a potential onco-miRNA whose expression was downregulated by genistein for further experiments in this study. Initially, we validated microarray data and miR-1260b expression was significantly higher in prostate cancer cell lines (PC-3 and DU-145) compared with the normal prostate cell line (RWPE-1) ([Figure 2A](#fig2){ref-type="fig"}). As shown in [Figure 2B](#fig2){ref-type="fig"}, the expression of miR-1260b was validated to be significantly decreased by genistein treatment in the two prostate cancer cell lines.

miRNA-1260b expression is significantly increased in prostate cancer tissues
----------------------------------------------------------------------------

MiR-1260b expression levels in clinical samples (PC-19 samples, BPH-11 samples) were measured by real-time PCR. As shown in [Figure 2C](#fig2){ref-type="fig"}, miR-1260b expression was significantly higher in prostate cancer tissues (*n*=19) compared with BPH tissues (*n*=11).

The 19 prostate cancer patients were divided into two categories based on the median 2^−^(^Δ^*C*~t~) in prostate cancer tissues (group cut off point: 2^−Δ^*C*~t~=5.004) and used to associate of miR-1260b expression with overall survival after prostatectomy. The overall survival was shorter in the higher miR-1260b group but was not statistically significant (data not shown).

Effect of microRNA-1260b overexpression on cell viability and migration in a normal prostate cell line
------------------------------------------------------------------------------------------------------

At 48 h after transfection of miR-NC or miR-1260b precursor into RWPE-1 cells, the miR-1260b expression level was verified by real-time PCR (fold change; 967, [Figure 3A](#fig3){ref-type="fig"}). Then cell viability (MTS assay) and wound healing assays were performed. We observed significantly increased cell proliferation ([Figure 3B](#fig3){ref-type="fig"}) and migration ([Figure 3C](#fig3){ref-type="fig"}) in miRNA-1260b transfected cells compared with miR-NC transfected cells.

Effect of microRNA-1260b knockdown on cell viability, invasion and migration in PC cell lines
---------------------------------------------------------------------------------------------

After transfection (48 h) of inhibitor-NC or miR-1260b inhibitor into PC-3 and DU-145 cells, miR-1260b knockdown was verified by real-time RT--PCR (0.031, 0.026, respectively) ([Figure 4A](#fig4){ref-type="fig"}). We observed a significant decrease in cell proliferation ([Figure 4B](#fig4){ref-type="fig"}), invasion ([Figure 4C](#fig4){ref-type="fig"}) and migration ([Figure 4D](#fig4){ref-type="fig"}) in miRNA-1260b knockdown PC-3 and DU-145 cells compared with inhibitor-NC transfected cells. The percent of apoptotic cells was significantly increased by miR-1260b knockdown ([Figure 4E](#fig4){ref-type="fig"}). Also, the percent of Go-G1 phase cells was significantly decreased while the percent of G2M phase cells was significantly increased in miR-1260b inhibitor transfected prostate cancer cells ([Figure 4F](#fig4){ref-type="fig"}). TOPflash luciferase activity was significantly decreased by miR-1260b knockdown ([Figure 4G](#fig4){ref-type="fig"}).

Expression of sFRP1 and Smad4 in PC and BPH tissues
---------------------------------------------------

We identified two tumour suppressor genes (*sFRP1, Smad4*) as potential target genes for miR-1260b based on computer algorithms (microRNA.org), and we compared the expression of these two genes in PC and BPH tissues. As shown in [Figure 5A](#fig5){ref-type="fig"}, gene expression was significantly lower in PC compared with BPH tissues. In addition, expression of both target genes (sFRP1 and Smad4) was significantly lower in prostate cancer cell lines (PC-3 and DU-145) compared with the normal prostate cell line (RWPE-1) ([Figure 5B](#fig5){ref-type="fig"}).

miR-1260b directly regulates sFRP1 and Smad4
--------------------------------------------

The relative 3′UTR luciferase activity is shown as a ratio of firefly and renilla luciferase activity for each sample. As shown in [Figure 5C](#fig5){ref-type="fig"}, the relative luciferase activity was significantly decreased at position 2500 (sFRP1) and at position 2914 (Smad4) in miR-1260b precursor transfected cells ([Figure 5C](#fig5){ref-type="fig"}). As target gene protein expression is low in PC-3 and DU-145, we performed western analysis to observe any changes in protein expression with miR-1260b inhibitor. As shown in [Figure 5D](#fig5){ref-type="fig"}, protein expression of target genes was significantly increased after miR-1260b inhibitor transfection. This result suggests that the sFRP1 and Smad4 mRNAs are direct targets of miR-1260b.

5-Aza effect on sFRP1 and Smad4 gene expression in prostate cancer cell lines
-----------------------------------------------------------------------------

Expression of sFRP1 and Smad4 were significantly increased by 5Aza treatment in PC-3 and DU-145 cells ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).

Genistein effect on DNA methylation in target genes of miR-1260b
----------------------------------------------------------------

Expression of sFRP1 and Smad4 were significantly increased by genistein treatment in PC-3 and DU-145 cells ([Figure 6A](#fig6){ref-type="fig"}). As there are CpG islands in the promoter region of the *sFRP1* and *Smad4* genes based on a CpG island prediction software ([@bib22]), we looked at these CpG islands to determine the demethylation effect of genistein in prostate cancer cell line (PC-3). As shown in [Figure 6B](#fig6){ref-type="fig"}, CpG islands are completely methylated in the promoter region of the *sFRP1* gene by sodium bisulphite treatment and 2 of 15 CpG sites in the region were changed to TG by genistein treatment ([Figure 6B](#fig6){ref-type="fig"}). However, CpG sites in the promoter region of the *Smad4* gene were not methylated in control cells ([Figure 6C](#fig6){ref-type="fig"}).

Effect of genistein on histone modification in target genes of miR-1260b
------------------------------------------------------------------------

We also used ChIP assay to determine the effect of genistein on histone modification in the *sFRP1* and *Smad4* genes. The histone associated DNAs that were immunoprecipitated with antibody against H3K9-me2, H3K9-me3 and H3K27-me3 were individually amplified with primer sets covering the gene promoter regions. The levels of H3K9-me2, H3K9-me3 and H3K27-me3 were significantly decreased by genistein compared with control cells in both genes ([Figure 6D](#fig6){ref-type="fig"}).

Discussion
==========

The chemo prevention effect of genistein on prostate cancer has been investigated both *in vitro* and *in vivo* as interventional clinical trials for prostate cancer treatment. Based on previous reports, genistein inhibits MDM2, Akt and NF-kappaB activity, resulting in inhibition of cell growth and induction of apoptosis in prostate cancer cells ([@bib24]; [@bib23]). In animal models, genistein has been reported to decrease prostate tumour volume ([@bib27]; [@bib7]). Many clinical trials (phases I and phases II) using genistein for treatment of prostate cancer patients have been carried out ([@bib21]) and clinical trials are on going to justify the usefulness of genistein for prostate cancer prevention and therapy.

In this study, we initially investigated the effect of genistein on prostate cancer cell lines and found that genistein decreased cell proliferation, migration, invasion, TCF reporter activity and increased apoptosis in these cells. Our results are similar to those of previous reports ([@bib1]; [@bib12]). The main aim of this study is to determine the effect of genistein and miRNA in prostate cancer cell lines and miRNA target genes. Thus, after examining the effect of genistein on prostate cancer cells, we selected miRNA-1260b, whose expression was significantly downregulated by genistein based on microRNA microarray data, suggesting that miR-1260b is an oncogenic miRNA. We looked at miRNA-1260b expression in human prostate cancer and BPH tissues and found that miR-1260b expression was significantly higher in prostate cancer compared with BPH samples. To study the functional mechanism of miR-1260b *in vitro*, we used two procedures as follows: (1) overexpression of miR-1260b in a normal prostate cell line (RWPE-1), (2) knockdown of miR-1260b in prostate cancer cell lines (PC-3 and DU-145). After overexpressing miR-1260b in RWPE-1 cells, cell proliferation and wound healing (cell migration ability) were significantly increased. After miR-1260b knockdown in prostate cancer cells (PC-3 and DU-145), cell proliferation, migration and invasion were decreased while apoptosis was significantly promoted in prostate cancer cell lines. At present, no other miR-1260 studies have been carried out except for our laboratory\'s study on RCC ([@bib12]). However, considering both studies together, the miR-1260b expression data in clinical samples and our *in vitro* studies indicate that miR-1260b may be an oncogenic miRNA.

As miRNAs exert their function by regulating target genes, we identified two target genes of miR-1260b based on computer algorithms (microRNA.org). Two potential target genes (*sFRP1* and *Smad4*) were identified and 3′UTR luciferase assay and western analyses showed that sFRP1 and Smad4 expression was regulated by miR-1260b. Expression of both sFRP1 and Smad4 was significantly lower in prostate cancer tissues and expression of these two tumour suppressor genes is significantly increased by genistein.

Wnt antagonists include the secreted frizzled-related protein (sFRP) family, Dickkopf family, Wnt inhibitory factor 1 and Cerberus. Several members of the sFRP family downregulate Wnt signalling in cancer cells ([@bib19]). sFRP1 has been reported to be downregulated epigenetically and overexpression of sFRP1 inhibited cell growth in several cancers (colon, breast, oesophagus, brain), indicating that loss of sFRP1 contributes to activation of Wnt signalling in several cancers ([@bib39], [@bib38]; [@bib5]; [@bib10]). The sFRP1 has also been reported to be epigenetically silenced in prostate cancer cell lines (PC-3 and DU-145) and prostate cancer tissues compared with normal prostate tissues ([@bib26]). In this study, we looked for potential demethylation effects of genistein on the *sFRP1* gene promoter in prostate cancer cell lines. Bisulphite genomic sequencing showed that the percentage of CpG sites demethylated by genistein was 13% (2/15 CpG sites) in the promoter region of the *sFRP1* gene. With DU-145 cells, no CpG sites were altered by genistein. Therefore, the demethylation effect of genistein may only partially contribute to *sFRP1* gene regulation. [@bib32] investigated demethylation of the *sFRP1* gene by genistein (20 *μ*[M]{.smallcaps}, 6 days) but no effect was found in prostate cancer cell lines (PC-3 and DU-145) and our results are very similar to theirs. Next, we focused on three histones such as H3K9-me2, H3K9-me3 and H3K27-me3, which are thought to repress gene expression ([@bib40]: [@bib43]). Interestingly genistein caused a significant reduction of these repressive histones at three different positions in the gene promoter. Thus, the regulation of sFRP1 by genistein may be mainly by chromatin histone modifications rather than DNA methylation.

The other target gene Smad4 has been extensively studied as a tumour suppressor gene in many cancers. Smad4 was first identified as tumour suppressor gene in pancreatic cancer in 1996 ([@bib11]). The *Smad4* gene is located on chromosome 18q21.1 and is a member of the Smad family, which are mediators of the transforming growth factor beta signalling pathway ([@bib34]). Deficiency of Smad4 initiates or promotes the development and progression of many cancers including pancreas, gastroenterological and breast cancers ([@bib8]; [@bib45]). Loss of Smad4 expression has also been related to the progression of prostate cancer ([@bib13]). Other studies indicate that Smad4 is downregulated in metastatic prostate cancer tissues and knockdown of the *Smad4* gene showed significantly enhanced metastatic potential to lung with PC-3 cells implanted in the renal capsule of an immunocompromised nude mouse ([@bib6]). [@bib46] investigated the loss of heterozygosity on chromosome 18q21 in prostate cancer tissues but no alleles were lost, suggesting that Smad4 is not inactivated by allelic loss in prostate cancer. According to CpG prediction software, there are large CpG islands in the promoter region of the *Smad4* gene and the Smad4 expression was increased by demethylation agent, 5-aza-dC treatment in two prostate cancer cell lines ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Thus, while we initially expected to observe hypermethylation in the CpG islands of the *Smad4* gene in prostate cancer cell lines, no evidence of *Smad4* gene methylation was found in PC-3 and DU-145 cells. Our results are very similar to previous DNA methylation result in PC-3 and DU-145 cells ([@bib31]).

According to previous papers, 5-aza-dC restored RASSF1A expression through a loss of gene-silencing H3K9m2 and H3K9-me3 methylation in the promoter region ([@bib20]). In order to look at Smad4 regulation by genistein, we performed ChIP assays similar to that for sFRP1 and found that some histones were reduced by genistein in PC-3 cells at the promoter region. Although there was no methylation in the DNA promoter region of the *Smad4* gene, the regulatory effect of genistein on Smad4 was by histone modifications and miRNA. In this regard, Øster *et al*[@bib29] has shown that the expression of *SRPX2* gene (oncogene) was increased by hypomethylation of DNA CpG islands, and also by downregulation miR149, which targets SRPX2, resulting in increased *SRPX2* gene expression in colon cancer. In normal colon cells, expression of SRPX2 was decreased by DNA methylation and miR149 caused degradation of SRPX2 mRNA. Thus, it was concluded that SRPX2 expression was regulated through DNA methylation and miRNA-149 in colon cancer. Similarly, our results suggested that sFRP1 and Smad4 expression may be downregulated synergistically by miR-1260b and by DNA methylation/histone modification, not exclusively one or the other. Indeed, as shown in [Figures 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}, [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}, the sFRP1 and Smad4 expression level was significantly increased both by 5Az treatment (Chip assay) and by miR-1260b inhibitor transfection (luciferase assay).

As we investigated only 19 clinical samples, additional studies will be needed to elucidate the role of miR-1260b in prostate cancer and its use in clinical applications.

In conclusion, this is the first report documenting that genistein exerts its anti-tumour effect via downregulation of miR-1260b that targets *sFRP1* and *Smad4* in prostate cancer cells. Knockdown of miR-1260b by a specific inhibitor enhanced expression of tumour suppressor genes *sFRP1* and *Smad4* in prostate cancer cells, suggesting potential therapeutic benefit for prostate cancer treatment. In addition, the expression of sFRP1 and Smad4 was also modulated by genistein via DNA methylation or histone modifications in prostate cancer cell lines, indicating the potential importance of diet in regulating these two tumour suppressor genes.
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![**Effect of genistein on prostate cancer cell lines (PC-3 and DU-145).** Two cell lines were treated with DMSO (control) or genistein (25*μ*[M]{.smallcaps}) for 4 days. (**A**) Cell viability assay, (**B**) invasion assay, (**C**) wound healing assay, (**D**) apoptosis assay-FACS based, (**E**) cell cycle analysis, (**F**) TOPflash luciferase assay. Error bars represent±s.d.](bjc201448f1){#fig1}

![**miR-1260b expression and association with clinical parameters in prostate cancer tissues.** (**A**) miR-1260b expression in cell lines (RWPE-1, PC-3, DU-145), (**B**) Effect of genistein on miR-1260b expression in prostate cancer cell lines. (**C**) miR-1260b expression in human clinical samples (PC and BPH).](bjc201448f2){#fig2}

![**Effect of miR-1260b overexpression in normal prostate cells (RWPE-1).** A normal prostate cell line (RWPE-1) was transiently transfected with either miR-1260b precursor or control (miR-NC). (**A**) Relative miR-1260b expression, (**B**) cell viability assay, (**C**) wound healing assay.](bjc201448f3){#fig3}

![**Effect of miR-1260b knockdown on prostate cancer cells (PC-3, DU-145).** Two prostate cancer cell lines (PC-3 and DU-145) were transiently transfected with either miR-1260b inhibitor or miR-negative control (miR-NC inhibitor). (**A**) Relative miR-1260b expression (miR-NC inhibitor or miR-1260b inhibitor transfected PC cells), (**B**) cell viability assay (miR-NC inhibitor or miR-1260b inhibitor transfected PC cells), (**C**) invasion assay, (**D**) wound healing assay (16--17 h). (**E**) Apoptosis assay, (**F**) cell cycle analysis, (**G**) TCF reporter assay. Error bars represent ±s.d.](bjc201448f4){#fig4}

![**Expression of miR-1260b target genes (*sFRP1* and *Smad4*) in BPH and PC tissues and relationship with miR-1260b in prostate cancer cell lines.** (**A**) sFRP1 expression level in BPH and PC tissues, (**B**) Smad4 expression level in BPH and PC tissues, (**C**) 3′UTR Luciferase assay (miR-NC and miR-1260b precursor), (**D**) expression of sFRP1, Smad4 and beta-tubulin protein in miR-NC inhibitor or miR-1260b inhibitor transfected prostate cancer cells (PC-3, DU-145). Error bars represent±s.d.](bjc201448f5){#fig5}

![**Effect of genistein on *sFRP1* and *Smad4* genes in prostate cancer cells.** (**A**) sFRP1 and Smad4 expression in DMSO (control) and genistein 25 *μ*[M]{.smallcaps} (G25) treated prostate cancer cells. (**B**) Representative bisulphite modified genomic DNA sequencing of the *sFRP1* promoter region from control and genistein-treated PC-3 cells. (**C**) Representative bisulphite modified genomic DNA sequencing of the *Smad4* promoter region from control and genistein-treated PC-3 cells. (**D**) Quantification of ChIP real-time PCR analysis in PC-3 cells in *sFRP1* and *Smad4* genes promoter region in control and genistein-treated 786-O cells.](bjc201448f6){#fig6}
